(19) 



J 



EuropSisches Patentamt 
European Patent Office 
Office europeen des brevets 




(11) 



EP1 202 365 A1 



(12) 



EUROPEAN PATENT APPLICATION 

published in accordance with Art. 158(3) EPC 



(43) Date of publication: 

02.05.2002 Bulletin 2002/18 

(21) Application number 00906746.3 

(22) Date of filing: 07.03.2000 



(51) lntci7: HOI M 8/02. H01M 8/10 

(86) international application number: 
PCT/JPOO/01370 

(87) International publication number: 

WO 00/54351 (14.09.2000 Gazette 2000/37) 



(84) Designated Contracting States: 


(72) Inventors: 


AT BE CH CY DE DK ES Fl FR GB QR IE IT LI LU 


• YAMAGUCHI,Takeo 


WIC NL PT SE 


Kawasaki-Shi, Kanagawa 216-0005 (JP) 


Designated Extension States: 


• NAKAO, Shlnichi 


ALLTLVMKROSI 


Tokyo 175-0093 (JP) 


(30) Priority: 08.03.1999 JP 6081799 


(74) Representative: Rabe, Andreas et al 


Sternwartstrasse 4 


(71) Applicant: Center for Advanced Science and 


81679 Munchen (DE) 


Technology Incubation, Ltd 




Tokyo 100-0005 (JP) 





(54) ELECTROLYTIC MEMBRANE FOR FUEL CELL AND ITS MANUFACTURING METHOD, AND 
FUEL CELL AND ITS MANUFACTURING METHOD 



(57) A conventional direct methanol solid polymer 
fuel cell comprises a solid polymer electrolyte as an 
electrolyte. This type of cell Involves some problems; 
methanol permeates the membrane; the electromotive 
force lowers because of direct oxidation; and the mem- 
brane melts at about 130 °C when the temperature is 
increased to enhance the catalyst activity. According to 
the invention, an electrolyte membrane made of a po- 
rous substrate (1) that does not swell substantially with 
methanol and water and has pores (2) filled with a pol- 



ymer (3) having proton conductivity Is produced and 
used to suppress the permeation of methanol as much 
as possible, providing an electrolyte membrane for fuel 
cells endurable in a high-temperature environment, a fu- 
el cell comprising such a membrane, a method of man- 
ufacturing such afuel cell, and a method of manufactur- 
ing an electrolyte membrane comprising inadiation a 
porous substrate having swell-resistance against or- 
ganic solvent and water with energy and contacting the 
substrate with a monomer to cause pojymerization. 
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Description 

Technical Field 

[0001] The present invention generally relates to an 
ion-selective membrane, and more particularly to an 
electrolyte membrane for a polymer electrolyte fuel cell. 
[0002] The present invention also relates to a fuel ceil 
haying such electrolyte membrane and a manufacturing 
method of the electrolyte membrane. 

Background of Invention 

[0003] The recent encouraged global activities of en- 
vironmental protection put strong demands for restric- 
tions on greenhouse gases and NOx gas production. In 
order to reduce the total amount of such exhaust gases, 
practical application of fuel cell system to automobile is 
thought to be very useful. 

[0004] Polymer electrolyte fuel cells (PEFCs) have 
several advantages: operative at a low temperature; 
high power density; and generation of water alone dur- 
ing power generating reaction. Among all, PEFCs using 
methanol as fuel are thought to be a promising power 
source for an electric automobile since they enablesfuel 
supply in a liquid'fomri like gasoline. 
[0005] PEFCs are classified into two types: reformed 
methanol-type polymer electrolyte fuel cells which in- 
volve refonDing methanol into hydrogen-containing gas 
using a reformer; and direct methanol polymer fuel cells 
(DMFCs) which utilize methanol directly without using a 
refomier. Practical use of direct methanol polymer fuel 
cells is expected due to their great advantages: weight- 
saving is possible since direct methanol polymer fuel 
cells do not require a refomier; resistance against fre- 
quent start and stop operations; significantly improved 
load change response; and substantially reduced cata- 
lyst poisoning. 

[0006] However, several difficulties associated with 
implementation oLDMFC have also been pointed out. 
For example, DMFCs use a solid-state polymer electro- 
lyte as the electrolyte. However, when a conventional 
electrolyte membrane for PEFC such as Nafion"^*^ avail- 
able from Du Pont or Dow membrane available from 
Dow Chemical is used, it causes two major problems: 
methanol will pemneate the membrane, and thus the 
membrane will be directly oxidized and electromotive 
power will be reduced; and there occurs melting (creep- 
ing) of the membrane at an elevated temperature, about 
1 30°C, for increasing catalyst activity. Although no elec- 
trolyte membranes exist which can simultaneously re- 
solve these problems, solution of these problems may 
greatly promote development of DMFC applicable to au- 
•tomatic vehicles. 

Disclosure of Invention 

[0007] Accordingly, an object of the present invention 



Is to implement a novel electrolyte membrane that has 
greatly reduced methanol crossover and is endurable in 
a high-temperature (about 130*'C or higher) environ- 
ment. 

,5 [0008] Another object of the present invention is to 
provide a method for manufacturing the electrolyte 
membrane. 

[0009] ^ Further, an object of the present invention is to 
implement a novel direct methanol polymerfuel cell hav- 

10 ing the electrolyte membrane. 

[0010] The present Inventors found, after intense 
studies to solve the above-described problems that a 
novel electrolyte membrane for fuel cell that can simul- 
taneously resolve these problems may be obtained by 

15 filling a polymer having proton conductivity in the pores 
of a heat-resistant porous substrate, which is substan- 
tially swell-resistant against organic solvent and water. 
[0011] Polymers are generally softened at a. higher 
temperature but they can maintain their properties until 

20 they are themrially decomposed. Accordingly, the 
present Inventors assumed that if polymers are embed- 
ded into the pores of the heat resistant porous substrate 
through chemical bond, the framework of the substrate 
could support the stmcture of the membrane at elevated 

25 temperatures. The novel electrolyte membrane is based 
on this assumption. 

[001 2] Further, the present inventors invented a novel 
method for filling the pores of a porous substrate with 
polymer(s), the process comprising the steps of: activat- 
30 ing the surface of the pores of the porous substrate by 
irradiation with energy such as plasma, UV radiation, 
electron rays, gamma radiation or the like; and then con- 
tacting with or applying to the activated surface mono- 
mers each having an ion exchange group to be allowed 
35 to react graft polymerization both on the surface of and 
in the pores of the substrate, thereby substantially filling 
the pores of the porous substrate with polymer. 
[0013] The electrolyte membrane according to the 
present invention may be characterized by that a poly- 
pe? mer having proton conductivity is filled in the pores of a 
heat-resistant porous substrate having swell-resistance 
against organic solvent and water. 
[0014] In the electrolyte membrane according to the 
present invention, proton conductivity may be provided 
45 by the electrolyte embedded in the pores of the porous 
substrate while the fomn-stability at higher temperature 
and swell- and heat-resistances of the membrane may 
be provided by the porous substrate matrix. 

50 Brief Description of Drawings 

[0015] 

Figure 1 is a partial cross-sectional view of a porous 
55 substrate showing one step of the process for plas- 
ma-graft-polymerizlng monomers on the porous 
substrate. 

Figure 2 is a partial cross-sectional view of a porous 
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substrate showing another step of the process for 
plasma-graft-polymerizing monomers on the po- 
rous substrate. 

Figure 3 is a graph showing the methanol permea- 
tion flux for the electrolyte membrane according to 
the Example (pore-filled membrane) measured by 
pervaporation and vapor permeation tests, exhibit- 
ing the ability of the pore-filled membrane to prevent 
methanol permeation. 

Figure 4 is a schematic view showing one aspect of 
a methanol fuel cell, which employs the electrolyte 
membrane according to the present invention. 
Figure 5 is a schematic view showing one aspect of 
a cathode, which employs the electrolyte mem- 
brane according to the present invention. 

Embodiments of the Invention 

[0016] The present invention will be described here- 
inafter in more detail. . 

[0017] An electrolyte membrane according to the 
present invention may comprise, as a substrate, a heat- 
resistant porous material that does not sweli substan- 
tially with water and organic solvents such as methanol. 
Examples of such porous material may be inorganic ma- 
terials including glass or ceramics such as alumina and 
silica; and others including TefionTw and polyimlde. 
These materials may be used alone, or a composite ma- 
terial made of two or more of the above-mentioned ma- 
terials. When the substrate comprises the composite 
material, the substrate may have a structure consisting 
of two or more layers with each layer consisting of the 
above-mentioned material. 

[0018] Accordingtothepresentinvention, percentage 
of pores may preferably be 10 % to 95 % by volume of 
the substrate. The average pore size is desirably within 
the range of 0.001 to 100 fim. Thickness of the substrate 
may be 100 \irr\ or less, and preferably in the order of 
several jim. 

[0019] In the electrolyte membrane according to the 
present invention, graft polymer consisting of mono- 
mers each having an ion-exchange group is formed at 
least on the inner surfaces of the pores provided In the 
porous substrate such that the pores are substantially 
filled with the graft polymer. Thus, one end of the graft 
polymer Is bound to the Inner surface of the pores, which 
efficiently prevents the graft polymer from flowing or 
eluting out of the pores easily. 
[0020] The temn "ion-exchange group" herein refers 
to a group, which carries and easily release proton such 
as -SO2 from -SO3H group. The groups exist in a pen- 
dant pattern of the graft polymer, which Is then filled in 
the pores, thereby providing proton conductivity. 
[0021] Such graft polymerization of monomers may 
be perfonned by exciting the substrate with; for exam- 
ple, plasma, UV radiation, electron rays, gamma-radia- 
tion or the like to generate reaction start point, and then 
contacting monomers with the reaction start point. Al- 



ternatively, chemical process using silane coupler or the 
like or any other conventional polymerization process 
may be used in which polymerization is perfonned in the 
pores and then the resultant polymer is bound to the 

5 substrate. 

[0022] According to the present invention, plasma 
graft polymerization may be most preferably used which 
will be described below. Plasma graft polymerization 
may be performed by using the liquid phase process de- 

10 scribed below and any well-known vapor phase polym- 
erization. 

[0023] Monomers which can be used in the present 
invention preferably include, but are not limited to, so- 
dium aery! sulfonate (SAS), sodium methallyl sulfonate 

15 (SMS), sodium p-styrene sulfonate (SSS) and acrylic 
acid (AA). Also included are monomers which have vinyl 
groups and strong acid groups such as sulfonic acid or 
phosphonic acid group, weak acid groups such as car- 
boxyl group, strong base groups such as primary, sec- 

20 ondary, tertiary and quaternary amines, or weak base 
groups, as well as derivatives (e.g., esters) thereof. The 
Examples of the monomers may include, but being not 
limited to, allylamine, allyl sulfonate, allyl phosphonate, 
methallyl sulfonate, methallyl phosphonate, vinyl sul- 

25 fonate, vinyl phosphonate, styrene sulfonate, styrene 
phosphonate, sulfonate or phosphonate derivatives of 
. acryiamide, ethyleneimine, methacrylate and the like. 
[0024] Only one of the above-described monomers 
may be used to form homopolymer. Alternatively, two or 

30 more of the above-described monomers may be used 
to fonn copolymer. 

[0025] Proton conductivity of the electrolyte mem- 
brane may depend on the type of monomers to be used. 
Desirably, material(s) having higher proton conductivity 

35 may be used. 

[0026] Proton conductivity of the electrolyte may also 
depend on the degree of polymerization of the graft pol- 
ymer filled in the pores. The degree of polymerization of 
the graft polymer filled in the pores may be represented 

40 by the density of the polymer in the pores. According to 
the present invention, the graft polymer may have the 
same density in the pores as the highest density of the 
polymer obtained under conventional conditions. The 
density of the graft polymer according to the present in- 

45 vention may depend on the type of the monomer(s) to 
be used. If the highest density of,the polymer obtained 
under conventional conditions Is nomnalized as 1 , the 
density of the graft polymer according to the present in- 
vention may be, for example, 1 .2 or less and 0.2 or more 

50 represented by the normalized density, in order to have 
proton conductivity and desired methanol permeability. 
[0027] Plasma graft polymerization which can be 
used in production of the electrolyte membrane accord- 
ing to the present invention may involve Irradiating a 

55 substrate with plasma to generate reaction start point 
on the surface of the substrate as well as on the inner 
surfaceof the pores in the substrate, and then preferably 
contacting monomers with the substrate by well-known 
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liquid phase polymerization to graft-polymerize the 
monomers both on the surface and in the pores of the 
substrate. 

[0028] Hereinafter, plasma graft polymerization which 
can be used in the present invention will be described 
in detail in reference to the drawings. Detailed descrip- 
tions regarding plasma graft polymerization are de- 
scribed in the precedent patent applications filed by the 
present inventors, Japanese. Patent Application Laid- 
Open Nos. 3-98632, 4-33453.1 , 5-31 343, 5-237352, and 
6-246141. 

[0029] Figure 1 Is a partial cross-sectional perspec- 
tive view showing a porous substrate 1 which can be 
used In the electrolyte membrane according to the 
present invention. The porous substrate 1 has a number 
of pores 2 provided therein which extend through the 
substrate from one side to another side. 
[0030] The porous substrate 1 is plasma-treated in 
the presence of gas such as argon, nitrogen or air under 
a pressure in the range of from 1 mPa to 120 kPa, at 
normal frequency of 1 0 to 50 MHz, at power of 1 to 1 000 
W for 1 to 1 000 seconds. Then, reaction start point (not 
shown) may be fomned on the surface of the substrate 
1 in the region that has been exposed to the plasma (in- 
cluding the inner surface of the pores). 
[0031] Next, monomer(s) having an Ion-exchange 
group may be dissolved in water to prepare homoge- 
nous solution of monomer. Concentration of monomer 
aqueous solution Is preferably within the range of 0.1 to 
80 percent by weight. 

[0032] The plasma-treated substrate 1 is then subject 
to contact with the monomer aqueous solution. More 
partlculariy, the porous substrate 1 having the reaction 
start point formed thereon may be immersed in the 
aqueous solution of monomer. This step may preferably 
be performed at 20 to 100°C while bubbling with inert 
gas such as nitrogen gas. The substrate 1 may be im- 
mersed in the solution for approximately from 1 minute 
to 1 day. 

[0033] Then, the porous substrate 1 is removed from 
the aqueous solution after a predetemnined time, 
washed with organic solvent such as toluene or xylene, 
and dried. Inthis way, by-product(s) produced duringthe 
polymerization process such as homopolymer can be 
completely removed by washing with such organic sol- 
vent while the graft polymer may be left only on the sur- 
face and inner space of the pores in the substrate. 
[0034] Figure 2 is a perspective view conceptually 
showing the substrate 1 on which monomer(s) are graft 
polymerized. It can be seen that the graft-polymerized 
polymer 3 is formed not only on the surface of the sub- 
strate but also in the pores 2 of the substrate such that 
the pores are substantially filled with the polymer 
[0035] By the above-described plasma-graft-polym- 
erization, an electrolyte membrane can be produced 
such that pores 2 of a porous substrate 1 are substan- 
tially filled with a graft polymer. Since graft polymer ac- 
cording to the present invention is chemically bound to 



the surface of the substrate, the structure of the mem- 
brane may be supported by the substrate 1 . Thus, the 
polymer may not be easily released from the pores 2, 
and the structure of the membrane is stable even at el- 
5 evated temperatures unless the polymer is thermally de- 
composed. 

[0036] The electrolyte membrane according to the 
present Invention may preferably be used in fuel cells, 

and particularly in methanol fuel cells including direct 

10 methanol polymer fuel cells and refonned methanol- 
type PEFCs. Most preferably, the electrolyte membrane 
according to the present invention may be used In direct 
methanol polymer fuel cells. 
[0037] Configuration of a methanol fuel cell will be 

15 briefly described in reference to Figure 4. 

[0038] Figure 4 Is a schematic view showing one as- 
pect of a methanol fuel cell using the electrolyte mem- 
brane according to the present invention. 
[0039] A methanol fuel cell 11 comprises a cathode 

20 1 3, an anode 1 5 and an electrolyte 1 7 sandwiched ther- 
ebetween. Alternatively, a reformed methanol-type 
PEFC may additionally comprise a refomner (not shown) 
provided on the anode side. 
[0040] Any conventionally known cathode may be 

25 used as the cathode according to the present invention. 
The cathode may include a catalyst layer and a support 
layer, for example, wherein the catalyst layer is fomned 
adjacent to the electrolyte and a support layer for sup- 
porting the catalyst layer Is formed adjacent to the cat- 

30 aiyst layer 

[0041] Alternatively, any conventionally known anode 
may also be used as the anode according to the present 
invention. The anode may include a catalyst layer and 
a support layer, for example, wherein the catalyst layer 

35 is formed adjacent to the electrolyte and a support layer 
for supporting the catalyst layer is fornied adjacent to 
the catalyst layer 

[0042] Further, a methanol fuel cell having an electro- 
lyte according to the present Invention may also be ob- 
40 tained by integrating a first electrode together with an 
electrolyte to form an integrated product, and attaching 
a second electrode, which is different from the first elec- 
trode, to the product so that the catalyst layer of the sec- 
ond electrode Is brought in tight contact with the elec- 
ts trolyte. 

[0043] A methanol fuel cell having a cathode as the 

first electrode will be described In reference to Figure 5. 
[0044] Figure 5 is a schematic view showing one as- 
pect of a cathode having an electrolyte membrane ac- 
50 cording to the present Invention. 

[0045] As shown in Figure 5, the cathode 13 may 
comprise a support layer 19 and a catalyst layer 21 
fomned thereon. 

[0046] The support layer 19 may be preferably com- 
55 prised of material which has gas penneability (particu- 
larly oxygen gas penneability), heat-resistance and 
electron conductivity, e.g., porous carbon having elec- 
tron conductivity. 
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[0047] The catalyst layer 21 carries any convention- 
ally known catalyst suitable for the cathode. 
[0048] A porous thin layer 23 having a number of 
pores 2 as shown in Figure 1 may be fomried on the cat- 
alyst layer 21 . Forming processes of the porous thin lay- 
er include: preparing a sol that may comprise a variety 
of silicon alkoxides, aluminum alkoxides, titanium alkox- 
ides or zirconium alkoxides, which will fomn glasses or 
ceramics; and then applying the sol to the catalyst layer 
by any well-known method such as dip coating, spin 
coating, spray coating or the like. Thus applied sol may 
be then dried, and if desired heated, to fonn a porous 
thin layer The resultant porous thin layer may be pref- 
erably made of silica, alumina (e.g., y-alumina), titariia 
orzirconia, ormixtureorcompiexoftwoormoreofthese 
materials. 

[00491 Pores of the resultant thin porous layer may be 
then filled with the above-mentioned polymer by, for ex- 
ample, graft-polymerization and preferably by piasma- 
graft-polymerlzatlon such that one end of the polymer Is 
bound to the inner surface of the pores. Thus, cathode 
and electrolyte may be integrated. 
[0050] This integrated product may facilitate the han- 
dling of the thin electrolyte membrane. 
[0051] The integrated product may be attached to an 
anode such that the catalyst layer of the anode is 
brought into tight contact with the electrolyte of the prod- 
uct. 

[0052] Although the integration df cathode and elec- 
trolyte has been described above, it may be easily con- 
templated by those skilled in the art that anode may be 
integrated with electrolyte. 

Example 

[0053] The present invention will be described in more 
detail in reference to the following example. 

Example 1 

[0054] A porous PTFE membrane was. used as the 
substrate (Teflon*^"^, manufactured by NItto Denko; plain 
film; thickness = 70 ^im; and pore size = 50 nm). The 
substrate was washed and irradiated with plasma under 
the following conditions: 



Radiofrequency power 


SOW; 


Plasma-irradiation time 


60 seconds; 


Atmosphere 


Argon gas; and 


Pressure 


10 Pa. 



[0055] After plasma-irradiation, the substrate was im- 
mersed in f reeze-deaerated monomer solution for graft 
polymerization. Conditions used for graft polymerization 
were as follows: 



Monomer 


Acrylic acid (AA); 


Monomer concentration 


10 (%by weight); 


Solvent 


Water; 


Temperature 


About 60*'C; and 


Time 


10 to 24 hours. 



[0056] The porous substrate was removed from the 
solution, washed in water, and then dried. Next, the dry 
weight of the membrane was compared to the original 
weight of the membrane before polymerization, to cal- 
culate the graft polymerization weight. The graft polym- 
erization weight was 1 .7mg/cm2. The resulting mem- 
brane obtained by polymerization had a thickness of 
about 90 ^lm. 

[0057] FT-IR (Mapping method) of the resultant mem- 
brane was detemiined to find that the peak of 1 740 cm-i 
derived from carisonic acid group was also present in 
the membrane. It shows that the pores in the menribrane 
were filled with polymer. 

[0058] Figure 3 is a graph showing the ability of the 
electrolyte membrane (pore-filled membrane) accord- 
ing to this example (AA membrane: polymerization 
weight = 1 .7 mg/cm^) to prevent methanol permeation 
measured by two tests: pervaporation test (at 25°C); 
and vapor penneation test (at 80 to 180*C). For com- 
parison, Nafion"rw membrane was also subjected to the - 
same tests, Water/methanol (10/90 percent by weight) 
was supplied under its equilibrium vapor pressure at 
25^C. The abscissa axis of the graph shows tempera- 
ture (°C) and the vertical axis shows the penneability 
flux. 

[0059] As shown in Figure 3, in pervaporation test at 
25''C the pore-filled membrane exhibited very low meth- 
anol flux of 0.042 kg • m-2 . h-i , apparently indicating its 
better ability to inhibit methanol penneation when com- 
pared to that of Naf ion membrane at the same temper- 
ature. 

[0060] Further, vapor penneation test showed that the 
pore-filled membrane did not show any increase in 
methanol penneation flux at an elevated temperatures 
of 130^C or higher, and kept its ability to highly inhibit 
methanol permeation up to about 1 80''C. On the other 
hand, a conventional electrolyte membrane, Nafion^"^ 
began to creep at about 1 ZO'^O, and it no longer had its 
original fomn when the test completed. 
[0061] From the description above, it will be appreci- 
ated that an electrolyte membrane can be provided 
which has a reduced methanol flux, heat-resistance at 
temperatures of 130"C or higher and improved proton 
conductivity which are required for an electrolyte mem- 
brane for DMFC. 



Claims 



1 . An electrolyte membrane comprising a porous sub- 
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strate that does not swell substantially with nnetha- 
nol and water, wherein pores of the porous sub- 
strate are filled with polymer having proton conduc- 
tivity. 

2. The electrolyte membrane according to claim 1, 
wherein the porous substrate is comprised of inor- 
ganic material or heat-resistant polymer. 

3. The electrolyte membrane according to claim 1 or 

2, wherein the polymer having proton conductivity 
is graft polymer. 

4. The electrolyte membrane according to claim 2 or 

3, wherein the inorganic material is one selected 
from the group consisting of ceramic, glass and alu- 
mina, and composite materials thereof. 

5. The electrolyte membrane according to claim 2 or 
3, wherein the heat-resistant polymer is poly- 
tetrafiuoroethylene or polyimide. 

6. A method for manufacturing an electrolyte mem- 
brane comprising the steps of: 

Irradiating a porous substrate that is swelling- 
resistant against organic solvent and water with 
energy; and then contacting monomers with the 
substrate to be allowed to react polymerization. 

7. A fuel cell comprising the electrolyte membrane ac- 
cording to any one of claims 1 to 5, wherein the elec- 
trolyte membrane is fomied on a cathode or on a 
catalyst layer formed on the cathode. 

8. A fuel cell comprising a cathode, an anode, and an 
electrolyte sandwiched therebetween, wherein the 
electrolyte comprises a porous substrate and a pol- 
ymer having proton conductivity, and wherein the 
porous substrate does not swell substantially wjth 
methanol and water, and the polymer is filled in 
pores in the porous substrate. 



electrolyte membrane. 

12. The method acconding to claim 10 or 11, wherein 
the first electrode has a first support layer and a first 

5 ' catalyst layer, and wherein the sol is applied to the 
catalyst layer in the step of applying sol. 

13. The method according to any one of claims 10 to 
12, wherein the second electrode has a second 

10 support layer and a second catalyst layer, and 
wherein the electrolyte membrane is attached to the 
second catalyst layer in the step of attaching the 
second electrode. 



9. The fuel cell according to claim 8, wherein the fuel 
cell is a direct methanol polymer fuel cell. 45 

10. A method for manufacturing a fuel cell comprising 
the steps of applying sol to a first electrode; fonning 
a porous thin layer from the applied sol; filling pol- 
ymer in pores of the porous thin layer to fomri an so 
electrolyte membrane on the first electrode; and at- 
taching a second electrode onto the electrolyte 
membrane. 

11. The method according to claim 10, wherein, the pol- 55 
ymer is graft-polymerized so that one end of the pol- 
ymer is bound to the surface of the pores, to fill the 
pores with the polymer in the step of forming the 
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